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Integral relations that predict interface film transfer coefficients for evaporation and condensation have recently
been derived. According to these relations, all coefficients can be calculated for one-component systems,
using the thermal resistivity and the enthalpy profile through the interface. The integral relations were tested
in this work using nonequilibrium molecular dynamics simulations for argon-like particles andn-octane
molecules. The simulations confirm the integral relations within the accuracy of the calculation for both
systems. Evidence is presented for the existence of an excess thermal resistivity on the gas side of the surface,
and the fact that this property is decisive for interface heat and mass transfer coefficients. The integral relations
were used to predict the mass transfer coefficient forn- octane as a function of surface tension. The findings
are important for modeling of one-component phase transitions.

1 Introduction

Despite the technical importance of vapor-liquid phase
transitions, little is known of the interface resistance to transport.
Most of the thermodynamic modeling of these transitions
assume that there is equilibrium between the two phases at the
boundary.1 Experimental,2-4 as well as numerical5 and com-
putational evidence,6 is now accumulating, showing that this
assumption is not true under many conditions. This strengthens
the need for more information about interface transfer coef-
ficients, the concern of this paper.

Bedeaux and Kjelstrup7,8 showed that it was possible to define
transfer coefficients for the interfacial region, using proper
boundary conditions. The boundary conditions were obtained
by applying nonequilibrium thermodynamics for surfaces, a
theory developed by Bedeaux and Albano9-11 as an extension
of classical nonequilibrium thermodynamics. We then define
the interface as a separate phase. By this procedure, the
interfacial region is divided into three distinct phases: (1) the
liquid where transport processes are driven by gradients in
temperature and chemical potential; (2) the interface film, where
transport processes are driven by jumps in temperature and
chemical potential; and (3) the vapor, where again, the transport
processes are driven by gradients in temperature and chemical
potential. Overall transfer coefficients were defined for all three
phases combined.8 In this work, we shall focus on the properties
of the interface film, i.e., layer 2 alone, and discuss the values
of its interface film transfer coefficients.The name interface
transfer coefficient is normally used in the literature to describe
transport across layers 1 and 3, neglecting the resistance in layer
2.1 We add the word “film” to this name, and use it for layer 2
alone.

In a recent development of nonequilibrium thermodynamics
for the interface film, it was possible to show that, unless certain
symmetry relations are obeyed, the flux-force relations of the
interface film do not obey the second law.8 It has then become
evident that the coupling coefficients between heat and mass
transfer are large and impossible to neglect.8 This means that
most equations that are currently in use are not correct. There
is thus a need for more knowledge of the interface film transfer
coefficients. The condition of equilibrium at the surface, a
condition that is used regularly in descriptions of phase
transitions, may not be fulfilled.

Interface film transfer coefficients in general, and coupling
coefficients in particular, are hardly known. The main source
of coupling coefficients available for the nonequilibrium
description of one and two-component systems has, so far, been
kinetic theory.12-17 Kinetic theory was developed for spherical
particles, at ideal gas conditions, and its success for these
conditions is beyond doubt. But practical needs, like modeling
of distillation columns, demand realistic coefficients for nonideal
systems and the ability to handle more components. It is a long-
range goal of our work to help establish reliable methods for
estimation of interface film transfer coefficients. Nonequilibrium
molecular dynamics (NEMD) simulations have already been
used to obtain some coefficients for one-component systems.6,18-20

The NEMD technique offers a unique possibility to verify
thermodynamic models, using molecular properties, and is also
very well suited to distinguish between various approaches.

Recently, two of us21 derived some new integral relations to
calculate interface film resistivities. These integral relations gave
information about all three independent coefficients using only
two interface properties, namely the variation in the thermal
resistivity and the enthalpy profiles in the interfacial region.
Spatial integrals over the interfacial region of these local
properties gave the interface film resistivities directly. If these
integral relations can be tested as correct, determinations of
interface film resistivities will be greatly simplified. We will
then be able to obtain all information essentially from one type
of experiment, the type where the system is exposed to a heat
flux only. In comparison, Xu et al.20 did a series of elaborate
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simulations, with heat fluxes and mass fluxes combined, to arrive
at complete sets of interface film resistivities. The aim of this
paper is thus to test the integral relations, using NEMD results
published before forn-octane6 and argon-like particles.20 We
shall see that we are able to verify all three integral relations of
Johannessen and Bedeaux21 for argon-like particles. Forn-
octane, we do not have sufficient data to verify a full set. We
shall verify two coefficients and use the integral relations to
predict the remaining unknown resistivity to mass transfer.

The interface film transport properties shall first be described
in Section 2, in terms of nonequilibrium thermodynamics theory.
This then gives the thermodynamic background for the calcula-
tions. We proceed in Section 3 to recapitulate the integral
relations for the interface film coefficients. Simulation details
are reported in Section 4. The sets of coefficients, obtained in
both ways, are described and compared in the Results Section
(Section 5) and discussed in Section 6. We shall use the word
“surface” interchangeably with “interface”.

2. Nonequilibrium Thermodynamics for Surfaces

Nonequilibrium thermodynamics for surfaces was pioneered
by Bedeaux and Albano.9-11 This description uses surface excess
properties according to Gibbs22 to derive the surface excess
entropy production. The surface is then regarded as an autono-
mous system, separate from the adjacent homogeneous phases,
with excess thermodynamic variables defined per unit of surface
area. The excess entropy production that governs stationary
transport processes in a one component liquid-vapor interface
system, is as follows:

Here J and J′q are the component and measurable heat fluxes
through the surface,T is the temperature andµj(Ts) is the
chemical potential of phase j at the temperature of the surface.
The superscripts g, s, or l, refer to the respective phases: gas,
surface, or liquid. To be precise, the superscripts g and l mean
that the corresponding quantity is extrapolated to the dividing
surface and that the value at the dividing surface is then used
in eq 1. This excess description leads to the so-calledinterface
excess resistiVities for the surface.21

The NEMD simulations give continuous profiles, like the
concentration profile and the temperature profile, through the
interfacial region. The accuracy in these profiles is usually not
good enough to extrapolate the forces and the fluxes to the
dividing surface. For the interpretation of the NEMD results,
we therefore used a film with a small but finite thickness.
Nonequilibrium thermodynamics for this film is similar to
nonequilibrium thermodynamics for the Gibbs surface. The
difference is that the fluxes, temperatures, and chemical
potentials in the vapor and in the liquid indicated with the
superscripts g and l are now taken as the values of the
continuous profiles in the positionsxg just before andxl just
after the interfacial region. Excess densities in the surface
version of the theory are now replaced by densities integrated
from xg to xl. For the methods for how to choosexg andxl we
refer to the original papers.6,18 The resultinginterface film
resistiVities are a little bit larger than the interface excess
resistivities. One set of resistivities can be transformed into the
other one. For more details, see the article of Johannessen and
Bedeaux.21

In stationary states the energy flux, or the total heat fluxJq,
through the surface is constant:

whereH j is the molar enthalpy of the phase j. The measurable
heat flux into the surface on the gas side,J′q

g, and the
measurable heat flux out of the surface on the liquid side,J′ql,
are related by the following:

where∆VapH ) Hg - Hl. We can use this equation to eliminate
one of the two heat fluxes from the entropy production given
in eq 1 (see Bedeaux at al.23 for details). The resulting entropy
production in the interface film that governs stationary transport
processes through a one-component-liquid-vapor interface
system, is21

where

are the thermal driving force and the chemical driving forces.
Two equivalent forms of the entropy production are given: the
first uses the measurable heat flux in the gas and the second
uses the measurable heat flux in the liquid. The thermal force
Xq is the same in both forms of the entropy production. The
choice of the measurable heat flux in the gas phase as the
independent flux, leads to the driving force for mass transfer
Xµ

g in eq 1, whereas the choice of the measurable heat flux in
the liquid phase, leads to driving forceXµ

l in eq 7. Using

valid to second order in the temperature difference, and the
analogous relation in the liquid, one obtains

Under normal circumstances, when the temperature differences
are not so high, one may neglect the second-order term in the
temperature difference and one obtains

NEMD simulations involve rather large temperature gradients,
however, and it becomes necessary to also include terms which
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are of second order in the temperature difference. Convenient
forms of eqs 6 and 7, for the analysis program of the NEMD
simulations are (see the appendix in ref 20)

Input information are the system’s pressure,p, saturation
pressure,p* , fugacity coefficientφ, heat capacities at constant
pressure,cp

g andcp
l , and the liquid molar volume at saturation,

Vl*. The different driving forces for mass transfer describe in
different ways the deviation from equilibrium at the surface. In
the entropy production with the measurable heat flux in the gas
phase, the three first terms of the mass transfer driving force
are calculated for the temperature of the liquid. Vice versa, when
the measurable heat flux in the liquid phase is chosen, the three
first terms of the driving force for mass transfer are calculated
for the temperature of the gas.

The systems in the present investigations are far from ideal,
and fugacity coefficients contribute significantly to the chemical
forces in eqs 12 and 13. They were calculated using the Soave-
Redlich-Kwong (SRK) equation of state. The details of the
calculations were presented earlier forn-octane6 and argon-like
particles,18 respectively. The third term on the right-hand side
gives a contribution less than 10% to the driving forces for mass
transfer.20 The last term may be as high as 40% of the first
one. The ideal gas contribution is thus never sufficient.

The equivalent forms of the entropy production in eq 4, with
two different sets of thermodynamic forces, give two equivalent
sets of force-flux relations. We write the forces as functions of
the fluxes, and obtain

from the first line in eq 4 and

from the second line in eq 4. Onsager relations apply to both
sets of equations.20 The transport equations are linear, meaning
that the resistivities arenot functions of the forces or the fluxes.
The coefficients are functions of the state variables, however.
In a one-component system, like here, the only state variable
of the surface is the surface tension or, alternatively, the surface
temperature, which is a unique function of the surface tension.
We have verified that the main assumptions of nonequilibrium
thermodynamics, the local equilibrium hypothesis, and the linear
flux-force relations are valid for both sets of equations.20

In practice, one uses the set of coefficients which is most
convenient. Kinetic theory gives expressions for the first set of
coefficients, so one may say that this set is already favored by

practitioners. We shall verify the integral relations mentioned
in the Introduction (see also the section below) for both sets of
coefficients.

From the equations for the forces, we can define the interface
film transfer coefficients. The thermal resistivity of the liquid
side of the surface is

while the thermal resistance of the gas side of the surface is

These coefficients are identical because they are defined atJ )
0, which means that only one thermal resistivity is needed. The
resistivity to mass transfer for the two sides are determined in
the absence of a heat flux. We have

and

We have argued before that these coefficients are not sufficient
for a description in agreement with the second law.8 As
additional interface film transfer coefficient, we need the
coupling coefficients,Rqµ

s,l ) Rµq
s,l or equivalentlyRqµ

s,g ) Rµq
s,g.

These coefficients are most conveniently contained in the heats
of transfer for the two sides of the surface:

The heats of transfer can also be determined by ratios of forces

The alternative definitions describe different experiments (simu-
lations). As all resistivities depend on the surface temperature,
so do the heats of transfer. In the first set, the definition refers
to the same temperature on the two sides of the surface. The
surface temperature may not necessarily be the same as these,
because there is a heat source (sink) at the surface, but in the
limit of small component fluxes, it will be. The coefficients in
the ratios (eq 20) refer to this temperature. In the second
definitions (eq 21), the heats of transfer are derived at stationary
state, with a varying temperature across the surface. The
extension of the surface enters through the determination of the
forces. The differences in the variables that define the forces
are taken between the last layer that can be characterized as a
gas layer according to its equation of state, and the first layer
that can be characterized as a liquid layer, see ref 24. It follows
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that the resistivities refer to an interface film. This is why we
have chosen the name, interface film coefficients.

Using eq 3, it follows that the heats of transfer are related by

Here, all quantities refer to the same temperature.
Because the two sets of transport equations are equivalent,

the coefficients in one set are directly related to the coefficient
in the other set. The relations between the coefficients are
obtained using eq 3:

We have used the Onsager relations in this derivation. Again,
for the relations to hold, all coefficients must refer to the same
temperature. As mentioned above, the coefficients refer to a
finite film thickness. The NEMD simulations also offer infor-
mation on a continuous scale, and this is useful in the next
section.

3. Integral Relations for Interface Film Resistivities

It is also possible to use the continuous variation of
thermodynamic variables through the interface to find its
interface film resistivities. Johannessen and Bedeaux21 proposed
to define the local thermal resistivity in a continuous description
as

This lead to the integral relations for the interface film transfer
coefficients. On the gas side of the interface they found

while the similar set for the liquid side of the interface was

Here,x is the spatial coordinate in the direction perpendicular
to the surface,xl andxg are respectively the position of the liquid
and the gas in contact with the surface.

In these equations, all information about the interface’s
transport properties is contained in two properties, namely the
enthalpy profile for the vapor-liquid interface and the profile
of the local thermal resistivity in the same state. If valid, these
relations provide a relatively simple way of accessing all three
interface film resistivities for a one-component system. Johan-

nessen and Bedeaux21 argued that it is most convenient to use
rqq(x) and the enthalpy profile at equilibrium at the temperature
of the surface in eqs 25 and 26. We found for the NEMD
simulations that therqq and the enthalpy profiles for the
corresponding nonequilibrium conditions give the answer we
are looking for. The system is too far from equilibrium in these
simulations to use the equilibrium profiles!

We shall now calculate the interface film coefficients for heat
and mass transfer from NEMD simulations using eqs 14 and
15, as well as eqs 25 and 26. By comparing results for eqs 14
and 25 and results for eqs 15 and 26, we will be able to check
whether the easier method of calculation gives the same results,
within the accuracy of the NEMD data. We shall do these checks
with argon-like particles (Lennard-Jones spline particles),20 and
as far as possible, also withn-octane molecules.6

4. System and Simulation Details

The NEMD simulations were done using protocols described
in ref 20 for argon-like particles and in ref 6 forn-octane. We
give only an outline of the techniques here. For details, we refer
to these papers.

The particles were put in a box, the so-called MD-box or
NEMD cell, see Figure 1. The box was rectangular, with equal
lengths inz andy directionsLz ) Ly and a longer length in the
x-direction. With argon,Lx ) 16Ly, and withn-octane,Lx )
8Ly. The box contained a fixed number of molecules,Nmol )
4096 argon orNmol ) 2000 n-octane. The volume,V, was
determined once the overall mass densityFtot was chosen, from
V ) LxLyLz ) NmolM/NAFtot, whereNA is Avogadro’s number
andM is the molar mass. The mass density was chosen so as
to obtain a vapor in coexistence with its liquid, at relevant
temperature gradients. Forn-octane, the fixed overall mass
density was 167.5 kg/m3.

The box was symmetric to accommodate fluxes of different
directions, cf. Figure 1. Thex-direction was, by construction,
perpendicular to the interface. The fluxes were normally directed
toward the center of the box as shown in the figure. The space
of the box was divided intoNlay equal subvolumes in thex
direction, called layers. There were 128 layers for argon and
400 forn-octane. The position of a particle in the box was given
by its center of mass. A particle belonged to a given layer if its
position was located in that layer.

Stationary energy fluxes were applied to thex direction of
the NEMD-box, by modifying the properties of its boundaries.
To maintain the spatial continuity of the system, periodic
boundary conditions were applied in all three directions. The
layers of the box were mirror symmetric around its center. The
properties of each layer of the first half of the box were thus
averaged with its counterpart in the second half of the box. The
presented results are such averages.

To create energy fluxes, we perturbed the boundary (shaded)
layers of the box. The perturbations were applied onNlpert layers
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Figure 1. The NEMD cell.
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of the box, 16 for argon, and 40 forn-octane. With reference
to the heat flux algorithm, the central layers are the cold layers
∈ [ Nlay/2 - Nlpert/4; Nlay/2 + Nlpert/4], and those at the
boundaries of the cell box are the hot layers,∈ {[1;(Nlpert/4)]
U[(Nlay - Nlpert/4);Nlay]}. The heat fluxes were created as
follows: The temperatures of the cold and hot layers,TL and
TH were maintained by a standard thermostat using the “heat
exchange” algorithm (HEX) see ref 25, according to values in
Tables 1 and 2. In the stationary state, this gave a temperature
gradient and a constant energy flux across the system, a liquid
phase in the cold zone, and a gas phase in the hot zone of Figure
1.

Tables 1 and 2 specify all simulation conditions for the
nonequilibrium cases. Forn-octane, two additional equilibrium
simulations at temperature Teq, close to the nonequilibrium state,
were also performed (see Table 2). All simulations were reported
earlier.6,20 The pair potential of each model was as follows:

Argon-like particles. A classical (12-6) Lennard-Jones/spline
potential was used to described the particle interactions, see ref
20 for details. The “leap frog” algorithm (see ref 26) was used
to integrate the Newton’s equation of motion with a time step
of 0.001065 ps. The NEMD simulations were performed and
analyzed over 8.52 ns under stationary state. In the NEMD
simulations for the argon-like particles, it was possible to move
particles from the cold to the hot layers using the MEX
algorithm.27 This gave a condensation flux.

N-octane molecules. The anisotropic united atoms (AUA)
model proposed by Toxvaerd,28 was used to modeln-octane.
In that model,n-octane is a chain of 8 connected united atoms
or pseudo-atoms. The methyl- and methylene-groups are
considered as one united atom (UA) each, or one center of force.
In the AUA model the positions of the interaction sites are
shifted from the center of mass of the carbon atoms to the

geometrical center of the methyl (CH2) and methylene (CH3)
groups.29 In this way, the site-site interactions depend on the
relative orientations of the interacting chains, as in real
molecules. The site-site intermolecular interaction was a
truncated (12-6) Lennard-Jones potential. The intramolecular
potential is the sum of bending, torsional, and Lennard-Jones
potentials, the carbon-carbon bond lengths were constrained
to their mean value using the RATTLE algorithm by Andersen.30

The equation of motion were integrated using the “velocity
Verlet” algorithm (see ref 26) with a time step of 0.005 ps. The
NEMD simulations were performed and analyzed over 3.2 ns
under stationary state. Potentials and further simulations details
can be found in ref 6.

5. Results

Selected temperature profiles for the two systems are shown
in Figure 2, the statistical uncertainty for each points is lower
than 0.5%. Both systems show large fluctuations in the
temperature in the gas phase and negligible fluctuations in the
liquid phase. This can be explained by the density differences
between these states. There are also significant wall effects,
shown in the gas phase in the first few layers of the box by
nonlinear profiles. Away from the thermostated wall, one may
speak of, a relatively straight line, up to the surface. At the
interface, there is a discontinuity in the temperature profile, most
clearly seen for argon. Molar enthalpy profiles corresponding
to these temperature profiles, are shown in Figure 3. The
statistical uncertainty for each points is here lower than 1%.
The molar enthalpy was calculated as the internal molar energy

TABLE 1: Nonequilibrium Simulation Conditions of
Argon-like System

sim. no: Tco/K Th/K Ftot/(kg/m3)

8 74 136 249.0762
9 74 136 322.1016

10 93 136 322.1016
11 86 130 322.1016
12 84 136 322.1016
13 86 142 322.1016
14 99 161 415.127
15 84 136 498.1523
16 86 124 498.1523
17 86 173 498.1523
18 93 198 498.1523
19 74 148 290.5889
20 74 148 373.6143
21 74 148 456.6396
22 74 155 290.5889
23 80 136 290.5889
24 80 136 373.6143
25 80 136 456.6396
26 86 148 290.5889
27 86 148 373.6143
28 86 148 456.6396

TABLE 2: Nonequilibrium and Equilibrium Simulation
Conditions for the n-Octane System

sim. no: Teq/K Tco/K Th/K

1 321
2 355
3 320 420
4 320 500
5 350 450
6 350 500
7 350 550

Figure 2. The nonequilibrium temperature profiles generated across
the cell for cases 9-11 for argon (a) and cases 3-7 for n-octane (b).
The interfacial region is shown on the figures by a rectangle.
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plusp||‚V(x), whereV is the molar volume andp|| is the pressure
parallel to the interface, cf. Johannessen and Bedeaux.21 The
internal energy of a given layer is the sum of the kinetic and
the potential energy of the molecules located in that layer. For
the case of intermolecular potential (Lennard-Jones) we chose
to split equally the potential energy between the pairs of
interacting atoms. The difference between the values of the gas
side and the liquid layer in contact with the interface isH(Tg)
- H(Tl). When the temperatures on the two sides are the same,
this difference is equal to∆vapH(T).

5.1. Locating the Interface. The position of the interface
was first determined. For the argon-like particles; the boundary
between the interface and the gas was allocated to the layer
where the vapor density started to deviate from the density
predicted by the gas equation of state. The boundary between
the interface and the liquid, was allocated to the layer where
the density of the liquid was no longer a linear extrapolation
from the profile in the liquid, see ref 24. Forn-octane, the
equation of state data was accurate enough to use in the
calculation of the forces. It was not accurate enough, however,
to use the procedures used for the argon-like fluid to obtain the
location of the surface. We therefore used a criterion based on
the parallel and normal pressures in the layers: The interface
was defined as the region where parallel pressure deviated from
the normal pressure. Because the parallel pressure curve
exhibited in the surface a strong accurate deviation from the
normal one, much larger than the fluctuations in the gas or liquid
phases,6 the location of the two boundary layers are defined as
the last layers in these phases where the parallel pressure agrees

with the normal pressure within the error bars. This procedure
gave a slightly thicker interface than that obtained from the
density criterion.6 The extensions of the interfaces are indicated
in Figure 2 by a rectangle in each sub-figure. The position and
thickness differ from interface to interface. Octane has a thick
interface between 165.4 and 229.7 Å in case 5, and a thinner
interface between 170.6 and 212.5 Å in case 4. Argon has an
interface between 194 and 241 Å in case 10, and between 213
and 236 Å in cases 9 and 11. Temperatures, chemical potentials,
and heat fluxes were determined in layers adjacent to the
interface.

5.2. The Local Thermal Resistivity.Results for the central
coefficient, the local thermal resistivityrqq(x) are shown in
Figure 4. The values were computed directly from the data
presented in Figure 2 using eq 24. In that equation, the gradient
in 1/T(x) was calculated as the mean slope of this value over
three successive layers. Without mass flux in the system, the
heat flux is constant across the whole box. It is calculated as
the mean value of the local heat fluxes in all layers (except the
thermostated ones). For illustration, two cases forn-octane (cases
4 and 7) and argon (cases 8 and 12) are shown. Case 4 (8) has
a higher surface tension than case 7 (12). The thermostated
layers have been removed from Figure 4 for clarity, and a
logarithmic scale is used. The figure spans the gas phase, the
interface, and the liquid phase. The start of the interface in
contact with the gas phase is indicated by the dashed line. The
side of the surface in contact with the liquid is located just before
the end of the curves on the right, no dashed line was used to

Figure 3. The molar enthalpy profile across the cell. For argon (a),
out of equilibrium (cases 9-11). Forn-octane (b), at equilibrium (cases
1 and 2) and out of equilibrium (cases 3-7). The interfacial region is
shown by a rectangle on the figures.

Figure 4. The local thermal resistivities coefficientsrqq as a function
of the mass density for argon (a), cases 8 and 12, and forn-octane (b),
cases 4 and 7. The density limit between the gas phase and the surface
is located in each cases by a dashed line.
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specify that location. To reduce the noise, the values was
averaged with those of the first two neighboring layers.

We see large fluctuations inrqq(x) in the gas phase in Figure
4 the statistical uncertainty being in the gas phase higher than
100%. Looking at the temperature profiles in Figure 2, these
fluctuations can be assigned to statistical uncertainty of the
temperatures themselves. They do not mask the general linear
trend of the temperature, however. The thermal resistivity of
the gas next to the interface is accurately calculated from
derivative of the linear part of the temperature curve to 1.94×
10-3 and 7.48× 10-4 K m/W for cases 4 and 7 respectively,
and to 3.84× 10-2 and 1.88× 10-2 K m/W for cases 8 and
12. The large difference between results for argon-like particles
andn-octane, more than an order of magnitude, was discussed
earlier.6 The internal degrees of freedom in then-octane are
believed to increase significantly its thermal conductivity or
decrease its thermal resistivity.

The peak obtained inside the interface, see Figure 4, means
that there is an excess thermal resistivity. For cases 4 and 8,
the values obtained at the top of the peak are about five times
higher than the values in the gaseous phase. The location of
the peak is always surprisingly close to the vapor phase. For
all these cases, the peak is located within the first 20% of the
interfacial region.

5.3. Film Interface Resistivities.The local thermal resistivity
and molar enthalpy was next used to calculate the film interface
resistivities from the integral relations 25 and 26. The results
of these calculations are given as functions of the surface tension

in Figures 5-7. Figure 5 gives the thermal film resistivity,
Figure 6 gives the film resistivity to mass transfer, and Figure
7 gives the coupling coefficient. Values obtained earlier from
eqs 14 and 15 are shown for comparison in the same plot. We
see a remarkable agreement between the two ways of calculating
the coefficients in all cases for argon, and in Figures 5 and 7,
for n-octane. The film resistivity to mass transfer was not
calculated earlier forn-octane. On the background of the fits
obtained for all other cases, we use the integral relations to
predict this coefficient in Figure 6. The absolute value of the
coupling and the interface film resistivities for mass transfer
are much larger using the measurable heat flux on the liquid
side rather than the measurable heat flux on the gas side. The
first set of coefficients have, therefore, a higher accuracy.

We see that the sign of the coupling coefficient changes from
one side to the other. The ratio of the coupling coefficient to
the thermal resistivity gave the heats of transfer plotted in Figure
8. The agreement between the two ways to calculate the heats
of transfer is within the numerical accuracy of the results, 20%.

6. Discussion

6.1. Interface Film Resistivities of a One-Component
System.The film resistivities to heat and mass transfer, and
the coupling coefficient between these transfers, were already
determined using NEMD in combination with nonequilibrium
thermodynamics for surfaces, but the coefficients calculated

Figure 5. The coefficientRqq
s as calculated from nonequilibrium

thermodynamics theory, and from the integral relations of Johannessen
and Bedeaux,21 for argon, (a), and forn-octane, (b). The statistical
uncertainties are lower than 15% for each point.

Figure 6. The resistivity to mass transfer,Rµµ
s , for the liquid and the

gas side of the interface, calculated for argon (a) from nonequilibrium
thermodynamics theory using data of Xu et al.,20 and from the integral
relations 25 and 26 of Johannessen and Bedeaux.21 For n-octane (b)
the value of the coefficient is predicted from the integral relations. The
statistical uncertainties of each points are lower than 20%.
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from the integral relations are new. The resistivity to mass
transfer for n-octane was calculated for the first time as a
function of surface tension.

The continuous description, the basis of the integral relations,
gives a possibility to better understand the behavior of the
interface. The local thermal resistivity has a peak always located
close to the gas phase, see Figure 4. This peak shows without
doubt that the interface is far from “homogeneous”. The liquid
side of the interface appears as an extrapolation of the liquid
phase, but the gaseous side of the interface shows very different
transport properties from those of the pure gas. It was surprising
to find that the position of the peak foot could be allocated to
the same fluid density in all cases, around 40 kg/m3. Most of
the contribution to the integral ofrqq(x) in eq 26 comes from
the peak. The contribution was higher than 90% of the total
value in cases 4 and 8, and around 60% in cases 7 and 12. The
increase in the thermal film resistivity with increasing surface
tension, see Figure 5, is therefore mainly due to an increase in
the intensity of the peak. This conclusion is also valid for the
other transport resistivities. It is most important for the liquid
film interface resistivities, where the liquid enthalpy is taken
as a reference in the integral equations, see eq 26. We conclude
that the gas side of the interface has a major influence on mass
and heat transfer across interfaces. To understand the nature of
the excess thermal resistivity near the gas side of the interface
seems to be of major importance for an understanding of liquid-
vapor phase transitions.

Again, we find that the coupling coefficients are large. This
result is easily explained from eq 22. The enthalpy of transfer
is a big quantity.

The method used to studyn-octane was also used to simulate
fluid properties ofn-pentane, like diffusion coefficient, pressure,
and trans-gauche configurations. Excellent agreement with
experimental data was obtained in these simulations.29 Interface
film coefficients may not be equally well predicted. We have
used cutoff potentials in the simulations that do not give correct
critical temperatures for either of the particles studied. The long-
range nature of the interaction potential may be important for
the absolute value of the interface film resistivities. Quantitative
agreement of NEMD and kinetic theory has, so far, only been
obtained for argon-like particles20 (Lennard-Jones spline).

6.2. A Method to Estimate Interface Film Resistivities.
The film resistivities to heat and mass transfer, and the coupling
coefficient between these transfers, as determined for the liquid
side and the gas side of an interface, were plotted in Figures 5,
6, and 7. The effort to find the coefficients using NEMD in
combination with nonequilibrium thermodynamics for surfaces
was large. It is, therefore, very encouraging to find here that
the integral relations of Johannessen and Bedeaux are able to
estimate the same coefficients. The agreement between the two
ways of determining the film interface transport coefficients is
remarkable. There is a natural noise in the system (see Figure
4), so one may expect inaccuracies in the determination of the
local thermal resistivity in the integrands of the integral relations.
Also the number of parameters involved in the calculation of
the forces (eqs 12 and 13) is very large, meaning that an accurate

Figure 7. The coupling coefficientRµq
s , on the liquid and gas sides of

the interface, as calculated from nonequilibrium thermodynamic theory,
eqs 12 and 13, and from the integral relations of Johannessen and
Bedeaux21 (eqs 25 and 26). The values are plotted as a function of the
surface tension, for argon (a), and forn-octane (b). The statistical
uncertainties are lower than 20% for each point.

Figure 8. The liquid and gas heats of transfer,q*s,l andq*s,g, calculated
from nonequilibrium thermodynamics and from the integral relations
of Johannessen and Bedeaux. The values are plotted as a function of
the surface tension for argon (a), and forn-octane (b).
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determination of the interface film resistivities is not likely. It
is on this background that we call the agreement between the
different methods remarkably good, within the accuracy of the
calculation ((10-20%). The absolute values of the three
coefficients are larger on the liquid side than on the gas side.
The accuracy in the determination is, therefore, highest for the
liquid-side coefficients ((10%). Since one set can be calculated
from the other, we therefore recommend a determination of the
liquid side coefficients first. The other set is also important,
however, for comparisons with kinetic theory as discussed
above.

The validity of the integral relations verify a posteriori also
that the measurable heat flux at any point in the interfacial region
is proportional to the local gradient of the inverse temperature,
eq 24. In view of the nonlocal nature of the thermodynamics
description in the interface region, this is not a trivial result.

The integral relations were shown valid for a complete set
of transport coefficients for argon, and for two of the transport
coefficients ofn-octane. The argon-like particles have resis-
tivities about 1 order of magnitude larger than octane has. It is
good to see that both sets are equally well confirmed. We next
went on to predict the third coefficient ofn-octane from
calculations. Similar use of the integral relations can now be
realized.

To predict interface film coefficients in a one-component
system, we can now advise on the following procedure. Simple
boundary-driven NEMD simulations must be set up with a
temperature difference between the ends of the system. No mass
flux is necessary. The NEMD simulation now yields a local
temperature profile, from which the local resistivity as well as
the enthalpy profile through the interface is calculated. The
calculation is repeated for relevant surface temperatures, since
this variable is the single state variable of the surface. The liquid
side of the interface gives a good estimate of the surface
temperature. Such a simulation should be made available.

6.3. Practical Consequences.It is normal in current models
of phase transitions to neglect the coupling coefficients in eqs
14 or 15. We have shown earlier8 that this leads to models in
disagreement with the second law of thermodynamics. The
coupling coefficients can be interpreted in a convenient way
through the heats of transfer of eq 20:

The coefficients describe the fraction of the latent heat for the
phase transition which is carried away in the liquid and the gas,
respectively. The heats of transfer for the two sides are illustrated
in Figure 8. The difference between the heats of transfer should
be the enthalpy of evaporation at constant temperature (cf., eq
22). We find that the left and right-hand sides of eq 22 agree
within (20%, but our values for the heats of transfer do not
refer to the same temperatures.

The contributions to the heat flux from the heats of transfer
will automatically be large as soon as there is a substantial mass
flux. When the heat of transfer is neglected in the transport
equations, large errors may, therefore, arise in the heat flux,
and consequently in the mass flux. This may have a bearing on

the modeling of separation processes and of adsorptions and
desorptions of components, which should be investigated
because of the technical importance of these phenomena.

7. Conclusion

This paper presents evidence that the integral relations derived
by Johannessen and Bedeaux21 can be used to successfully
predict interface film resistivities as defined by nonequilibrium
thermodynamics, when this theory is extended to surfaces. The
validity of these integral relations verify a posteriori also that
the measurable heat flux at any point in the interfacial region
is proportional to the local gradient of the inverse temperature,
eq 24. In view of the nonlocal nature of the thermodynamics
description in the interfacial region this is not a trivial result.
The method, which uses the local thermal resistivity and the
corresponding enthalpy profile through the interfacial region,
may replace more cumbersome and detailed calculations from
extensive NEMD simulations. The details of the new method
show that the gas side of the interface gives the most important
contribution to all interface film resistivities. Work must be done
to study consequences for other systems, in particular multi-
component ones.
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J′q
l ) 1

Rqq
s

Xq + q*s,l J (27)

J′q
g ) 1

Rqq
s

Xq + q*s,g J (28)
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